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Introduction
Carbon nanomaterials such as carbon nanotubes (CNTs) and graphene have outstanding mechanical, electrical and physical properties, which are finding abundant utility. [1] [2] [3] [4] [5] [6] [7] These exceptional attributes enable applications of CNTs and graphene as electrode materials, supercapacitors, electronic components such as nanowires, transistors and switches, catalysis, membranes, sensors, biomedical devices, and structural reinforcing agents. 8 A persistent challenge in optimally realizing applications of carbon nanomaterials is the fact that pristine materials are insoluble in water or organic solvents and the native graphene surfaces lack functionality for tailoring of a material's properties.
Covalent functionalization has emerged as an attractive method of modifying carbon nanomaterials via reactions either on the graphene sidewalls or at the nanotube termini. 9, 10 A range of covalent methods for CNT sidewall and graphene functionalization have emerged such as diazonium reactions, 11, 12 reductive alkylations, 13,14 1,3-dipolar cycloadditions, [15] [16] [17] nitrene additions, 18, 19 halogenations 20, 21 and others. [22] [23] [24] [25] Many of these processes require a large excess of reagent, harsh reaction conditions, very reactive intermediates, long reaction times, and/or high temperatures. As a result, functional group compatibility and stability issues currently limit the scope of possibilities for CNT and graphene functionalization. New reactions that can be carried out under relatively mild conditions and tolerate large variety of functional groups are highly desirable. Our group has an enduring interest in chemiresistive gas sensing schemes based on H-bonding, metal-ligand exchange, host-guest, and halogen bonding interactions with small-molecule selectors in the presence of CNTs. [26] [27] [28] [29] [30] Covalently grafting new selectors/receptors to conductive carbon nanomaterials requires to extend this effort, requires new milder functionalization conditions than currently exist.
We have targeted iodonium salts to meet our functionalization needs. These molecules are known precursors to reactive aryl radicals via single-electron transfer followed by decomposition of the diaryliodanyl radical intermediate and are versatile group transfer reagents. [31] [32] [33] [34] Recently, a diaryliodonium salt was demonstrated to functionalize epitaxial (single layer) graphene 35 and glassy carbon electrode surfaces under reducing electrochemical potentials. [36] [37] [38] Bulk functionalization of CNTs and graphene with diaryliodonium salts under reductive conditions has also been reported.
However, the conditions used for reductive activation are relatively harsh wherein CNTs or graphite were heated at 150 °C for 8 hours with molten potassium metal, an extremely pyrophoric reagent. 39 In the latter case the authors demonstrate functionalization with two different arenes, p-tert-butylphenyl and p-bromophenyl, but an expanded substrate scope has not been established.
Herein, we report the efficient bulk covalent functionalization of CNTs and graphene with iodonium salts under conventional synthetic conditions. CNTs and graphite were readily reduced in situ with sodium naphthalide at room temperature followed by the addition of iodonium salts. These reaction conditions are mild and tolerate a variety of substituents. We have carried out a series of control experiments and show the critical role of reductive activation as well as insights into the preferential aryl group transfer in the case of unsymmetrical iodonium salts to single walled carbon nanotubes (SWCNTs). We demonstrate the generality of this method for the functionalization of double-walled carbon nanotube (DWCNTs), multi-walled carbon nanotube (MWCNTs), and graphite.
Experimental Section Preparation of sodium naphthalide solution
The preparation of sodium naphthalide in THF was carried out inside a glovebox under nitrogen atmosphere. A 40-mL vial was charged with a Pyrex glass coated stir bar, naphthalene (80 mg, 0.62 mmol) and THF (20 mL). A piece of freshly cut sodium (~ 80 mg) was added to the naphthalene solution and then cut into small pieces with a spatula. The naphthalene solution immediately turned green indicating the formation of sodium naphthalide. The reaction was stirred at room temperature overnight yielding a deep green solution that contained excess unreacted and insoluble sodium metal.
General procedure for CNT functionalization with iodonium salts
Prior to functionalization, CNTs were subjected to under high vacuum at room temperature overnight.
In a glovebox, a 40-mL vial was charged with a Pyrex glass coated stir bar, CNTs (10 mg, 0.83 mmol C) and THF (20 mL). A deep green solution of sodium naphthalide (2.7 mL, 0.083 mmol) was 3 transferred to the CNT suspension via a graduated glass pipet. The vial was capped, sealed tightly with electrical tape, removed out of the glovebox and sonicated in an ultrasonic bath for 30 min. The greenish color disappeared upon sonication indicating transfer of electrons from the naphthalide to the CNTs. After sonication, the vial was transferred to the glovebox and a solution of diaryliodonium salt (0.083 mmol) in THF (2 mL) was added. The reaction was stirred at room temperature for 2 h. The reaction was removed from of the glovebox and filtered through a 0.6 µm polypropylene membrane.
The collected CNT product was washed by dispersing the material in EtOH:H 2 O 10:1 (100 mL), sonicated for 30 min and filtered through a 0.6 µm polypropylene membrane. This washing step was carried out 4 times in total. The resulting CNT product was dried in a vacuum oven at 70 °C for 24 h.
Instruments and measurements
Thermogravimetric analyses (TGA) were performed with a TA Discovery TGA. Experiments were 
Results and discussion
Our functionalization strategy begins with bulk SWCNT reduction using sodium napthalide, which has been shown to effectively reduce and exfoliate CNTs, 40 and we first focused on reactions with iodonium salt 1. In accord with our expectations, this approach resulted in successful covalent further insight into the reaction, we also collected and analyzed the filtrate from the reaction. As expected we observed naphthalene, some unreacted iodonium salt 1, and 4-iodobenzotrifluoride as the byproduct ( Figure 1A ). The delocalized electronic states of pristine semiconducting and metallic SWCNTs display characteristic Van Hoff transitions throughout the spectrum. Covalent functionalization results in broadening or disappearance of these features, 24 and as seen in Figure 1D clear optical transitions associated with these band-edges are absent from the UV-Vis-NIR spectrum of SWCNT-1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 To further confirm the covalent attachment of aryl groups, we measured the Raman spectra of the material after thermogravimetric analysis. Since trifluoromethyl-phenyl groups are detached from the material's surface during heating to 800 °C, we expects the restoration of a delocalized π-surface.
As shown in Figure S1A , the D-band can be restored to the same intensity as p-SWCNT. A similar phenomenon was also observed in bands in the radial breathing mode (RBM) region of the Raman spectrum ( Figure S1B ).
A series of control experiments were carried out to gain an insight into the covalent functionalization reaction. In the absence of the diaryliodonium salt, the reaction between SWCNTs and sodium naphthalide did not induce any sp 2 Table S1 ). In the absence of a sodium naphthalide treatment, there is no detectable reaction between the diaryliodonium salt and the SWCNTs. Analysis of the filtrate after the reaction by 1 H and 19 F NMR showed only unreacted starting diaryliodonium salt 1 ( Table S1 ). Recall that 4- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Having confirmed that reduced SWCNTs selectively react with diaryliodonium salt 1 to give covalent functionalization, we have investigated the same process with diaryiodonium salts 2−4 ( Table   2 ). Diaryliodonium salts containing electron withdrawing esters 3, electron donating alkoxy groups 2, and halogens 4 were compatible with the reaction. A significant increase in the Raman I D /I G ratio as well as higher weight loss at 500 °C in the TGA were observed in all cases. The incorporation of bromine in the functionalized CNT (SWCNT-4) was also confirmed by XPS analysis. Functionalization by aryldiazonium ion is the most widely used strategy for arylating CNTs.
However, this method usually requires stoichiometric or excess amount of the diazonium reagent relative to CNT carbon atoms in order to achieve efficient functionalization. To compare with efficiency of SWCNT functionalization by iodonium ions relative to diazonium ions, we conducted and directly compared our method with functionalization with aryldiazonium salts using 0.1 equiv electrophile.
According to Raman, TGA, XPS and UV-Vis-NIR analyses (Table 1, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 than SWCNT-1. This apparent discrepancy is likely the result of oligomerization of the aryl groups in the diazonium ion reactions. 41, 42 This latter result further suggests that reactions with the less reactive iodonium ions produce materials with more precise structures. The F1s peaks in the XPS spectra were originated from incomplete removal of the tetrafluoroborate or triflate counter ion of the iodonium salts during the washing step.
Unsymmetrical diaryliodonium salts bearing two different aryl groups on the iodine atom have been used widely in organic synthesis as arylating agents. One advantage is tha by using a "spectator" arene that does not transfer, only one equivalent of the arene of interest is required. 31, 43, 44 Moreover, selectivity trends for aryl transfer in electronically and sterically differentiated diaryliodonium salts can provide insight into reaction mechanism. 45 To determine if there is any selectivity of aryl transfer, we examined reactions of SWCNTs with electronically and sterically differentiated iodonium salts 9 to 13. The selectivity was determined from the ratio of byproducts in the post functionalization 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 groups, there is no noticeable selectivity , as expected for electronically and sterically similar substituents (Table 3 , entry 6). Consistently, the ratio of the byproducts 1-bromo-4-iodobenzene and 1-chloro-4-iodobenzene is 1:1 for the reaction with iodonium salt 13. The XPS analysis of the SWCNT product also shows effectively equivalent bromine and chlorine atomic content, supporting our NMR filtrate analysis.
For electronically differentiated diaryliodonium salts 9 and 10, the more electron-withdrawing aryl group was transferred to the SWCNTs preferentially (Table 3 , entry 2−3). Here the ratio of the electron donating aryl iodide to electron-withdrawing aryl iodide in the filtrate for 9 and 10 are 3.6:1 and 6.3:1 respectively. Consistent with this analysis, the incorporation of fluorine atoms in SWCNT-9 is confirmed by XPS. Next, we investigated steric effects on the selectivity. Here we have a conserved 4-methoxyphenyl group and increased the steric bulk of the other aryl from a mesityl to a triisopropylbenzene group. Reactions with iodonium salts 11 and 12 indicate that increasing steric bulk gives a slight preference for transfer of the less sterically hindered 4-methoxyphenyl, with a ratio of 1.1:1 for SWCNT-11 and 1.3:1 for SWCNT-12. This trend suggests that while steric bulk influences the transfer of aryl groups slightly, the group transfer selectivity is mainly determined by electronic factors.
To further expand the substrate scope on CNT functionalization, we investigated iodonium salts containing electron-withdrawing heterocycles such as pyridine. Pyridyl diazonium salts are known to be unstable and must be generated in situ. On the other hand, pyridyl idonium salts 14 and 15 are stable and can be isolated as solids. For example, iodonium salt 14 is stable at room temperature for months without decomposition and 15 is stable for days at 3 °C. As stated before, electron-withdrawing aryl groups transfer preferentially in unsymmetrical iodonium salts and we have made use of this effect with pyridyl iodonium salts 14 and 15. The reaction of 14 and 15 with reduced SWCNTs successfully gave the corresponding pyridine functionalized products (Table 3) . We observed an increase in the Raman I D /I G ratio as well as a greater weight loss at 500 °C with respect to the p-SWCNT. XPS analysis shows the incorporation of nitrogen in both cases (~1 atomic % N1s).
We have also conducted control experiments by reacting sodium naphthalide treated SWCNTs with 3-iodopyridine and 4-iodopyridine and found no evidence of functionalization in these cases ( Figure S2 and Figure S3 ). We have determined that our iodonium salt methods are also capable of functionalizing double-walled carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTs). Under the same conditions used on SWCNTs, DWCNT-1 and MWCNT-1 were obtained. Analysis of the product by Raman, XPS and TGA confirmed the covalent attachment of the 4-trifluoromethylbenzene moiety on these materials (Table 4) . There is a considerable interest in the functionalization of graphene. The most investigated approaches to functionalized graphenes involve graphene oxide routes, which introduce many defects in the graphene structures that cannot be restored even after thermal or chemical reduction. 46, 47 Covalent methods which are capable of functionalizing bulk graphite without going through the graphene oxide route are highly desirable. [48] [49] [50] As a result, we investigated our iodonium ion reaction with bulk graphite material. Under the exact same conditions used for functionalizing SWCNTs, graphite was successfully modified with iodonium salts (Table 5) . In all cases, there is an increase in the Raman I D /I G ratio, higher weight loss with respect to the pristine material, as well as the incorporation of fluorine and nitrogen with G-1 and G-14 respectively by XPS analysis. 
Conclusions
In summary, we have developed an efficient chemical method for the modification of CNTs and graphite. This procedure requires reductive activation of the CNTs and graphite that is accomplished by reaction with sodium naphthalide. The functionalization reactions with iodonium salts tolerate many functional groups, including electron-rich and electron-poor arenes, esters, and heteroarenes.
Unsymmetrical iodonium salts transfer the aryl group with the more electron withdrawing substituents 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 preferentially. Our ongoing interest is to use these methods to create new functional sensing materials.
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